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Abstract
The minimal U(1)X extension of the Standard Model (SM) is a simple and well-motivated
extension of the SM, which supplements the SM with the seesaw mechanism for naturally generating
the light neutrino masses and offers various interesting phenomenologies. In the model, the U(1)X
charge of each SM field is characterized by the U(1)X charge of the SM Higgs doublet with a free
parameter xH . Due to the U(1)X charge of the Higgs doublet, the Higgs boson has a trilinear
coupling with Z boson and the U(1)X gauge boson (Z
′) for xH 6= 0. With this coupling, a new
process for the associated Higgs boson production with a Z boson arises through a Z ′ boson in the s-
channel at high energy colliders. In this paper, we calculate the associated Higgs boson production
at high energy proton-proton and electron-positron colliders and show interesting effects of the new
Z ′ boson mediated process, which can be tested in the future.
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I. INTRODUCTION
The discovery of the Higgs boson [1, 2] of the Standard Model (SM) is definitely a very
important milestone in the history of particle physics. It ends the quest of searching for the
last SM particle after a long time and then further solidifies the plinth of the SM. Although
the observation of the Higgs boson ensures its existence and its role for the electroweak
symmetry breaking, more precise measurements of the Higgs boson properties are necessary
for verifying the SM Higgs sector and/or for revealing new physics beyond the SM (BSM).
A simple extension of the SM can be possible by an additional U(1) gauge symmetry [3]
which predicts a neutral BSM gauge boson (Z ′). This extra gauge boson has been searched
for at the Tevatron [4, 5], LEP [6–8] and LHC [9, 10] with final state dileptons/dijes. With
the precision experiments by the LEP experiment, the strong constraints on the Z−Z ′ mixing
has been studied in [11, 12]. The collider phenomenology of the Z ′ boson has been intensively
studied (see, for example, [13–25]) with the final state leptons and quarks. Apart from the
pair fermion productions, another important process to study the Z ′ boson is an associated
production of the SM Higgs boson (h) with the SM Z boson, such as pp→ Z ′ → Zh at the
LHC, which can arise from a trilinear coupling Z ′ − Z − h if the SM Higgs doublet has an
extra U(1) gauge charge.
To study the associated Higgs boson production, we consider in this paper the minimal
U(1)X extension of the SM [26, 27], where the particle content is the same as the minimal
B − L (baryon minus lepton number) model [28–32] while the U(1)X charge of each SM
particle is defined as a linear combination of its U(1)Y hyper-charge and U(1)B−L charge. In
the presence of three right-handed neutrinos (RHSs), this model is free from all the gauge
and the mixed gauge-gravitational anomalies. After the breaking of U(1)X and electroweak
symmetries, the seesaw mechanism works to generate light neutrino masses naturally. The
minimal U(1)X model provides interesting high energy collider phenomenologies. For the
current LHC bound from the search for the Z ′ boson resonance with dilepton final states,
see, for example, [33–35]. A suitable choice of the U(1)X charges leads to a significant
enhancement of the RHN pair production cross section from the Z ′ boson which can increase
the potential of the RHN discovery at the future high energy colliders through the prompt
RHN decay [36–39] and the displaced vertex search for a long-lived RHN [40–42]. The main
point of this paper is to show interesting effects of the Z ′ mediated process on the associated
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SU(3)c SU(2)L U(1)Y U(1)X
qαL 3 2 1/6 (1/6)xH + (1/3)xΦ
uαR 3 1 2/3 (2/3)xH + (1/3)xΦ
dαR 3 1 −1/3 −(1/3)xH + (1/3)xΦ
`αL 1 2 −1/2 (−1/2)xH − xΦ
eαR 1 1 −1 −xH − xΦ
H 1 2 −1/2 (−1/2)xH
NαR 1 1 0 −xΦ
Φ 1 1 0 +2xΦ
TABLE I: Particle content of the minimal U(1)X model, where xH and xΦ are real parameters,
and α = 1, 2, 3 is the three generation flavor index. Since the U(1)X gauge coupling is a free
parameter, we fix xΦ = 1 without loss of generality.
Higgs boson production at high energy colliders.
We arrange this paper as follows: In Sec. II we describe the minimal U(1)X model and
the interactions relevant to our analysis. In Sec. III we calculate the Zh production cross
sections at the proton-proton and electron-positron colliders and show the effects of Z ′ boson
mediated process. We conclude this paper in Sec. IV.
II. MINIMAL GAUGED U(1) EXTENSION OF THE STANDARD MODEL
The simple gauged U(1) extension of the SM is based on the gauge group SU(3)c ⊗
SU(2)L⊗U(1)Y ⊗U(1)X . The particle content of the model is listed in Tab. I. We consider
a conventional case that the U(1)X charge assignment is flavor-universal [3]. In addition
to the U(1)X gauge boson Z
′, three RHNs and one U(1)X Higgs field (Φ) are introduced.
The particle content of the model is basically the same as the one of the minimal B − L
model while the U(1)X charge of each SM field is generalized to a linear combination of its
U(1)Y and B − L charges with real parameters xH and xΦ. In the presence of three RHNs,
this model is anomaly-free. Since the U(1)X gauge coupling is a free parameter, we can set
xΦ = 1 without loss of generality. The minimal B − L model is realized in the minimal
3
U(1)X model as the limit of xH → 0.
With the RHNs, the extended part of the SM Yukawa sector can be written as
LY ⊃ −
3∑
α,β=1
Y αβD `
α
LHN
β
R −
1
2
3∑
α=1
Y αNΦN
αC
R N
α
R + H.c., (1)
where C stands for the charge-conjugation. The first and second terms in the right-hand
side are the Dirac-type and Majorana-type Yukawa interactions, respectively. Here, we
work in the bases where YN is flavor-diagonal. After the U(1)X symmetry breaking by a
vacuum expectation value (VEV) of the Higgs field Φ, the Majorana masses for the RHNs
are generated, while the neutrino Dirac mass terms are generated from the SM Higgs doublet
VEV. With these mass terms, the seesaw mechanism works to naturally generate the light
SM neutrino masses.
The (renormalizable) Higgs potential of the model is given by
V = m2Φ(Φ
†Φ) + λΦ(Φ†Φ)2 + m2H(H
†H) + λH(H†H)2 + λ′(H†H)(Φ†Φ) . (2)
For simplicity, we assume λ′ is negligibly small and hence the scalar potential can be analyzed
separately for Φ and H as a good approximation. By choosing the parameters suitably, we
can realize the U(1)X and electroweak symmetry breaking at the potential minimum and
parametrize the Higgs fields in the unitary gauge as follows:
Φ =
1√
2
(vΦ + φ) and H =
1√
2
v + h
0
 , (3)
where vΦ and v ' 246 GeV are the Higgs VEVs, and φ and h are physical Higgs bosons.
After the symmetry breaking, the mass of Z ′ boson, the Majorana masses for the RHNs and
the neutrino Dirac masses are generated as
mZ′ = gX
√
4v2Φ +
1
4
x2Hv
2 ' 2gXvΦ (vΦ  v), (4)
mNi =
Y iN√
2
vΦ, (5)
mijD =
Y ijD√
2
v, (6)
where gX is the U(1)X gauge coupling. Here, we have used the LEP [43], Tevatron [11] and
LHC [44] constraints which indicate v2Φ  v2.
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We now consider the Z ′ decay. Since we focus on the Z ′ boson mass in the multi-TeV
range in this paper, we neglect the SM fermion masses and for this case, the partial decay
width formulas are listed in [36]. In the following analysis, we assume the RHNs are all
heavier than the Z ′ boson, for simplicity. Since the SM Higgs doublet has the U(1)X charge
−1
2
xH , its gauge interactions leads to the trilinear coupling Z
′ − Z − h. The relevant part
of the Lagrangian is given by
L ⊃
∣∣∣{− i
2
gZZµ − igXZ ′µ(−
1
2
xH)
} 1√
2
(v + h)
∣∣∣2
=
1
8
(
g2ZZµZ
µ + g2Xx
2
HZ
′
µZ
′µ − 2gZ
(
gXxH
)
Z ′µZ
µ
)
v2
(
1 + 2
h
v
+
h2
v2
)
⊃ −1
2
gZ(gXxH)vhZ
µZ ′µ
= −MZ
(
gXxH
)
hZµZ ′µ. (7)
As we expect, the trilinear coupling is proportional to gXxH . We then calculate the partial
decay width of the process Z ′ → Zh to be
Γ(Z ′ → Zh) = gX
2xH
2
48pi
MZ′
√
λ[a, b, c] (λ[a, b, c] + 12b) ' gX
2xH
2
48pi
MZ′ , (8)
where λ[x, y, z] = x2 + y2 + z2 − 2xy − 2yz − 2zx, and a = 1, b =
(
MZ
MZ′
)2
 1 and
c =
(
mh
MZ′
)2
 1, respectively, with the Z boson mass MZ = 91.2 GeV and the Higgs boson
mass mh = 125 GeV.
In the left panel of Fig. 1, we show the branching ratios to pairs of up-type quarks,
down-type quarks and charged leptons, respectively, as a function of xH , for MZ′ = 4 TeV.
We can see the dramatic change of the branching ratios. In the right panel, we show the
branching ratio to the Zh mode as a function of xH , along with the dilepton mode. Since
the most severe bound on Z ′ boson production at the LHC is obtained from the final state
dilepton search, we are particularly interested in the BR(Z ′ → Zh) value compared with
the BR(Z ′ → 2e) value. We can see that the Z ′ → Zh mode dominates over the Z ′ → 2e
mode for −3 . xH . −0.8. The ratio of the two branching rations is shown in Fig. 2
as a function of xH for MZ′ = 4 TeV. The ratio exhibits its maximum at xH ' −1.2,
where BR(Z ′ → Zh) ' 4 × BR(Z ′ → 2e). For M2Z′  M2Z ,m2h, this ratio is approximately
expressed as
BR(Z ′ → Zh)
BR(Z ′ → 2e) '
x2H
5
2
x2H + 6xH + 4
. (9)
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FIG. 1: Left Panel: Branching ratios of the Z ′ into di-electron (blue, solid), up-type di-quark
(black, dashed) and down-type di-quark (purple, dot dashed) quarks as a function of xH . Right
Panel: Comparison between the branching rations, BR(Z ′ → 2e) (red, dashed) and BR(Z ′ → Zh)
(blue, solid) as a function of xH . We have fixed MZ′ = 4 TeV.
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FIG. 2: Ratio of the branching ratios of Z ′ decaying to Zh to 2e as a function of xH for MZ′ = 4
TeV.
To conclude this section, for readers convenience, we give the Higgs boson coupling with
a pair of Z bosons in the SM from the SU(2)L ⊗ U(1)Y gauge interactions of the SM Higgs
6
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FIG. 3: Production mechanism of the SM Higgs boson in association with a Z boson at the
proton-proton hadron collider (left) and the electron-positron collider (right).
doubelt. The relevant part of the Lagrangian is given by
L ⊃
∣∣∣− i
2
gzZµ
1√
2
(v + h)
∣∣∣2
=
g2z
8
ZµZ
µ(v2 + 2vh+ h2)
⊃ M
2
Z
v
hZµZ
µ. (10)
Through the interactions in Eqs. (8) and (10) in the minimal U(1)X model, the Higgs boson
can be produced in association with a Z boson at the high energy colliders.
III. Zh PRODUCTION AT THE COLLIDERS
In this section, we study the Zh production at the high energy colliders, namely, the
proton-proton collider and the electron-positron collider. At both colliders, the final state
Zh is produced through the Z and Z ′ bosons in the s-channel. For the Z ′ boson with mass in
the multi-TeV range, there is an essential difference between the Z ′ boson phenomenologies
at the two colliders. The energy of the proton-proton collider is high energy to produce
the Z ′ boson resonance, so that we focus on the Zh production through the resonant Z ′
boson production and its subsequent decay to Zh (for this process, see the right Feynman
diagram in Fig. 3). On the other hand, the energy of the electron-positron collider will not
be high enough, and the Z ′ boson effect on the Zh production is mainly from the interference
between the Z and Z ′ mediated processes (see the left Feynman diagram in Fig. 3).
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A. Proton-proton collider
We first consider the Zh production at the proton-proton collider. As previously men-
tioned, we focus on the Zh production from the resonant Z ′ boson production and its
subsequent decay to Zh. Since gX is constrained to be small from the LHC constraint, the
total Z ′ boson decay width is vary narrow. In tis case, we can use the narrow width approx-
imation to evaluate the Z ′ boson production cross section at the proton-proton collider. In
this approximation, we express the total Z ′ boson production cross section by
σ(pp→ Z ′) = 2
∑
q, q¯
∫
dx
∫
dy fq(x,Q) fq¯(y,Q) σˆ(sˆ), (11)
wherefq (fq¯) is the parton distribution function (PDF) for a quark (anti-quark), sˆ = xys is
the invariant mass squared of the colliding partons (quarks) with a center-of-mass energy
√
s of the proton-proton collider, and the Z ′ boson production cross section at the parton
level is expressed as
σˆ(sˆ) =
4pi2
3
Γ(Z ′ → qq¯)
mZ′
δ(sˆ−m2Z′). (12)
Here, Γ(Z ′ → qq¯) is the Z ′ boson partial decay width to qq¯. For the decay modes to the
up-type and down-type quarks are explicitly given by
Γ(Z ′ → uu¯) = g
2
X
288pi
(8 + 20xH + 17x
2
H)MZ′ ,
Γ(Z ′ → dd¯) = g
2
X
288pi
(8− 4xH + 5x2H)MZ′ . (13)
In our analysis, we employ CTEQ6L [45] for the PDF with a factorization scale Q = MZ′ . We
then simply express the Zh production cross section by
σ(pp→ Z ′ → Zh) ' σ(pp→ Z ′)× BR(Z ′ → Zh). (14)
As we have investigated in the previous section, BR(Z ′ → Zh) highly depends on xH and,
in particular, it is enhanced for xH ' −1.2 compared to BR(Z ′ → 2e).
We are now ready to show the results for our production cross section calculations. In
addition to the current LHC energy of
√
s = 13 TeV, we have examined various center-
of-mass energies for the future hadron collider projects, such as
√
s = 27 TeV, 33 TeV,
87 TeV and 100 TeV. We first show in Fig. 4 the dilepton production cross section as a
8
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FIG. 4: The dilepton production cross section as a function of the Z ′ mass (MZ′) for three different
values of xH at different center of mass energies of proton-proton collider. We have fixed the xH
to be 0 (blue, solid), −43 (blue, dashed) and 1 (blue, dotted).
function of MZ′ for three different xH values and various
√
s values. Since the cross section
is proportional to gX
2 in the narrow width approximation, we have shown the cross section
normalized by gX
2. Comparing the results shown in the top-left panel with the final ATLAS
results on the Z ′ boson resonance search at the LHC Run-2 [2], we can read off the upper
bound on gX as a function of MZ′ . For example, gX . 0.1 for MZ′ = 4 TeV and xH ∼ −1.
See [41] for details. In Fig. 5, the left column shows the resultant Zh production cross section
as a function of MZ′ for the three xH values and various
√
s values, while the resultant Zh
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FIG. 5: The Zh production cross section (blue, dashed) from the Z ′ boson decay as a function of
Z ′ mass (MZ′) (left column) and xH (right column). The corresponding dilepton production cross
sections (blue, solid) are shown for comparison.
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FIG. 6: The prospective upper bound on gX for MZ′ = 7.5 TeV by the HL-LHC experiment with
a 3000/fb luminosity.
production cross section as a function of xH for MZ′ = 4 TeV is shown in right column. In
Fig. 5, we have also shown the dilepton cross section results for comparison.
Finally in this subsection, we discuss the prospect of the future Z ′ boson search limit
by the High-Luminosity LHC (HL-LHC) experiment with its goal integrated luminosity of
3000/fb. We refer the simulation result presented in the ATLAS Technical Design Report
[46] for the prospective upper bound on the cross section σ(pp → Z ′ → e+e−) < 4 × 10−5
pb for MZ′ = 7.5 TeV. We can interpret this prospective bound as the upper bound on gX
as a function of xH . Our result is shown in Fig. 6. As we can see from Fig. 1, BR(Z
′ → 2e)
exhibits its minimum at xH ' −1.2 and hence the weakest HL-LHC constraint is obtained
for xH ' −1.2 as shown in Fig. 6.
B. Electron-positron collider
Next we consider the Zh production at the electron-positron collider. Since the Z ′ boson
is too heavy to be produced at the electron-positron collider, the Z ′ boson mediated process
affects the Zh production through the interference with the SM Zh production through the
Z boson.
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The interaction Lagrangian between the electron and Z boson is given by
LZint = gZeγµ
(
CV + CAγ5
)
eZµ, (15)
where
CV = gZ
(
−1
4
+ sin2 θW
)
,
CA =
1
4
gZ . (16)
The interaction between Z ′ and the electron is given by
LZ′int = eγµ
(
C ′V + C
′
Aγ5
)
eZ ′µ (17)
where
C ′V = gX
(
−3
4
xH − 1
)
,
C ′A = gX
(
−1
4
xH
)
. (18)
We then calculate the differential cross section of the Zh production at the electron-positron
collider to be
dσ
d cos θ
=
1
32pi
√
E2Z −M2Z
s
[∣∣∣CZ∣∣∣2(C2V + C2A)+ |C ′Z |2(C ′V 2 + C ′A2)
+
(
C∗ZC
′
Z + CZC
′
Z
∗
)(
CVC
′
V + CAC
′
A
)]
×
{
1 + cos2 θ +
E2Z
M2Z
(
1− cos2 θ
)}
,(19)
where
EZ =
s+M2Z −m2h
2
√
s
,
CZ = 2
(M2Z
v
) 1
s−M2Z + iΓZMZ
,
C ′Z =
−MZgXxH
s−M ′Z2 + iΓZ′MZ′
. (20)
The Zh production cross section is deviated from its SM prediction by the contribution
from the Z ′ boson mediated process. To evaluate this deviation which may be observed at
the future electron-positron collider, we calculate the Zh production cross section by setting
the model parameters from the HL-LHC prospective bound, namely, MZ′ = 7.5 TeV and
12
SM: e+e- → Z* → Z h
U(1)X : e+e- → Z*, Z'*→ Z h
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FIG. 7: Zh production cross section at the electron-positron collider in the SM (blue, solid) and
the minimal U(1)X model (red, dashed) as a function of the center-of-mass energy (
√
s) of the
collider. The interference between the Z and Z ′ mediated processes is involved in the U(1)X case.
Here, we have fixed MZ′ = 7.5 TeV.
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FIG. 8: The deviation of the Zh production cross section in the U(1)X model from the SM at
the electron-positron collider as a function of the center-of-mass energy for fixed xH = −43 (red,
dotted) −1.2 (blue, solid) and −0.8 (blue, dashed).
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FIG. 9: The deviation of the Zh production cross section in the U(1)X model form the SM for
different xH values and center-of-mass energy for the electron-positron collider,
√
s = 500 GeV
(top, left), 1 TeV (top, right) and 3 TeV (bottom), respectively. We have fixed MZ′ = 7.5 TeV.
gX = gX
max as a function of xH shown in Fig. 6. In Fig. 7, we show the Zh production
cross section for xH = −1.2 as a function of the center-of-mass energy
√
s of the electron-
positron collider (blue, solid) along with the SM prediction in the limit of MZ′ → ∞ (red,
dashed). The interference between the Z and Z ′ boson mediated processes reduces the Zh
production cross section from its SM prediction. As expected, as the collider energy is raised,
the deviation becomes larger.
Let us define the deviation of the Zh cross section of the minimal U(1)X model (σU(1)X )
from the SM predication (σSM) by
Deviation[%] =
∣∣∣∣1− σU(1)XσSM
∣∣∣∣× 100 %. (21)
For three different values of xH , we show in Fig. 8 the deviation as a function of the collider
energy. With its very clean environment, the electron-positron collider allows us to measure
the Zh production cross section very precisely, say, an O(1 %) level of precision. In Fig. 8,
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we can see that for xH = −1.2 the deviation from the SM cross section can be tested at a
1 TeV electron-positron collider. In Fig. 9, we show the deviations as a function of xH for
three different collider energies. The largest deviation is obtained for xH ' −1.2.
IV. CONCLUSION
The minimal U(1)X model is a simple and well-motivated BSM which provides the origin
of the neutrino mass by the seesaw mechanism with three RHNs, which are necessary for
cancelling the U(1)X related anomalies. The U(1)X gauge boson Z
′ has been searched by
the high energy collider experiments with the final state dilepton and dijets. In this paper,
we have noticed that due to the U(1)X charge −xH/2 of the SM Higgs doublet in the
minimal U(1)X model, the SM Higgs boson has a trilinear coupling of Z
′ − Z − h which
affects the associated Higgs boson production with a Z boson at high energy colliders. We
have calculated the Zh production cross section at high energy proton-proton and electron-
positron colliders and have shown interesting effects of the new Z ′ boson mediated process.
The Z ′ boson contribution dramatically changes as a function of xH , and we have found that
xH ' −1.2 exhibits the maximum effect on the Zh production. The precise measurement
of the Zh production cross section at the future high energy collider experiments can reveal
the Z ′ boson effect, independently of the Z ′ boson search with the dilepton and dijet.
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